An attempt is made in this article to examine and assess the possible petroleum habitat in the Bornu Basin, which is the Nigerian portion of the Mega-Chad Basin that has been found to host oil and gas in commercial quantities in Niger, Chad and Cameroon. The presence of three of the fundamental geological factors (source rock, reservoir rock and seal/trap) for commercial hydrocarbon accumulation was assessed in the light of existing information. Available geochemical information reveals that the shales of the Bima, Gongila and Fika Formations in the Bornu Basin contain sufficient organic matter for hydrocarbon generation. Limited existing geochemical data suggest that the quantity and quality of the organic matter in the shales vary widely with the TOC of most samples ranging from 0.54 wt% -1.25 wt% and the HI from 11 -173.80 mg/g in intervals with Tmax in the range of 365˚C -519˚C. In addition, the kerogen type is predominantly type III with minor type II, thus suggesting a predominant gas prone basin. Possible reservoir rocks occur as sand/sandstone beds within the Bima, Gombe, and Kerri-Kerri, as well the Gongila Formation which also contains much shale and limestone. Both stratigraphic and structural trapping conditions exist in the Bornu Basin. The structural traps were presumably formed during the widespread Santonian tectonic inversion that affected the entire Mega-Chad Basin. It is suggested that deeper drilling into the sands and sandstone of the untested Bima Formation that could host hydrocarbon of commercial quantities, as evidenced by the discoveries at deeper depths in the neighbouring Termit Basin, was desirable.
Introduction
For commercial accumulation of hydrocarbon to occur in any basin, certain parameters must not only be available but also form an interplay that would create a geological set-up for the formation and entrapment of the hydrocarbon. Prominent among the parameters are source rock, reservoir rock and seal. Accurate assessment of these parameters is important in reducing exploration risk. Exploration work in the Bornu basin had spanned over four decades with fruitless result in spite of major discoveries within the other basins in the Mega-Chad Basin and the West and Central African Rift System (WCARS) in general.
Geological studies of the Bornu Basin started about a century ago [1] . Since then, several published reports [2] - [6] have been written on this basin. These reports and unpublished ones, including proprietary information, were consulted to achieve our aim. In this article, the results of some key geochemical parameters of samples from outcrop as well as from ditch cuttings of 8 deep wells and 10 shallow wells at the fringes of the Bornu Basin [7] - [10] were synthesised to assess the maturation level of the lithostratigraphic units in the basin.
The intent of this paper is to carry out a review of the existence of the conditions in the Bornu Basin-one of the basins of the Mega-Chad Basin. The aim is to assess possible occurrence of fundamental geological parameters for commercial hydrocarbon accumulation and thereafter suggest areas of further research that could serve as guide to subsequent exploratory work in the basin.
Geological Setting

Tectonic Setting
The Mega-Chad Basin is a large continental basin in the Central West Africa (Figure 1 ) that covers a total area of about 2,335,000 km 2 [11] - [13] . The basin straddles five countries, namely, Nigeria, Niger, Chad Republic, Cameroon and Central Africa Republic. The south western sector of the Mega-Chad Basin, known as the Bornu Basin in Nigeria, which is about one-tenth of the total Mega-Chad Basin, joins the northeastern most part of a SSW-NNE trending Benue Trough (Figure 2) . The Benue-Chad axial trough is believed to be the third and failed arm of a triple-junction rift system that preceded the opening of the South Atlantic during the Early Cretaceous, and the subsequent separation of the African and South American continents [14] . Although intercepted by a discontinuous line of granitic basement inliers, the Zambuk ridge, the Chad and Benue basins are presumed to be related genetically to the West and Central African Rift system (WCARS) described by [17] and [3] . In fact, aaccording to [15] [18]- [20] , all the basins in the WCARS form contemporaneously with the geodynamic evolution of the African plate throughout the Phanerozoic. They all experienced initial extensional tectonics with intermittent periods of less influential compressive tectonism and magmatism. [21] noted that structural geometries traditionally interpreted as positive "flower" structures in areas of known transpression/strike slip fault are revealed as evidence of inversion structures in the basin. This view could be important when considering hydrocarbon risks and prospectivity in a basin. Evidence of magmatic activities in the Mega-Chad Basin is manifest in the occurrence of Tertiary volcanics and other igneous intrusives in the Bornu and Termit Basins.
The Bornu and Benue Basins are parts of the same dominant NE-SW rift system which, according to [14] , formed another triple junction in the Lake Chad area with two ill-fated arms that are now preserved as the NW-SE and NNE-SSW to NS trends. The two basins are characterised by tension-induced basement tectonics and by zigzag pattern of faulting. The most common structural features in the basin are horsts and grabens, buried hills and intrusive volcanics. Faults are predominantly tensional and basement involved [5] . The majority of these faults terminate beneath a regional angular unconformity at the boundary between the Cretaceous and Tertiary. Movements along the faults may be strike-slip, with induced compressional folds such as drag folds or positive flower structures.
Stratigraphy
The sediments deposited within the rift system had been divided into the following lithostratigraphic units from bottom to top (Figure 3) : the Bima, Gongila, Yolde, Fika, Gombe, Kerri-Kerri and Chad Formations. The Bima Formation unconformably overlies the Precambrian basement and is generally composed of feldspathic, coarse grained sandstones, with beds of quartz pebbles and some layers of shale. These sediments are mainly continental and vary in age from Albian to Cenomanian [5] . Sedimentary structures present include cross-bedding, ripple marks and convolute lamination. The Gongila Formation represents transitional calcareous deposits, which mark [15] . the onset of marine incursions into the Bornu Basin. It comprises a sequence of alternating sandstone and shale with fossiliferous limestone beds, which mark the boundary with the underlying Bima Formation. The limestone of lower Turonian age is overlain by sandstone. Fika Formation is made up of blue-grey shales, with irregular limestone layers. Coniacian to Santonian age was assigned to this formation. From outcrop and shallow borehole studies [22] the Formation consists of rare basal conglomerate, grit, sandstone and clay. While [5] recognized the Gombe Formation to consist of sandstone, siltstone, and clay with coal beds (Figure 3) , [10] found the formation missing in some wells (Kanadi-1, Albarka-1, Gaibu-1 and Kasade-1). Between Gombe and Kerri-Kerri Formations an unconformity was observed by [23] and [8] . Chad Formation consists mainly of fine to coarse grained sands, siltstones, diatomite, clays and blue-grey shales. The Kerri-Kerri and Chad Formations overlie the Cretaceous formations and constitute the Tertiary sediments [6] [24] of the Bornu Basin.
Factors Controlling Petroleum Occurrence
So far, only insignificant gas has been found in the Bornu Basin. This was encountered in the Kinasar-1 well [13] during the NNPC exploration campaign of the nineties. Certainly, this is a good pointer to the presence of hydrocarbon in the Bornu basin. For a given prospective basin such as the Bornu Basin, it is important to assess the availability and spatial concurrence of the key geological factors (source rock, reservoir rock and seal/trap) recognised as essential for petroleum accumulation in the basin. To start with, a brief review of these factors, which can bring geological success, is considered necessary and therefore first discussed below. 
Source Rock
One of the essential aspects of organic geochemical studies is to determine availability of source rock in a prospective basin. Three major parameters routinely determined are the quality, the quantity and the maturity of the organic matter in fine grained rock sequences, usually shale and limestone. Several geochemical indicators are available for doing these. A fourth parameter, which so far has not been studied in the Chad basin, is expulsion efficiency of the source rock.
The Quantity of the Organic Matter
The quantity of the organic matter in a source rock is measured in terms of the total organic carbon (TOC) in the rock. This is carried out on any rock sample to determine its adequacy to generate commercial quantity of hydrocarbon. It is measured as percentage total organic carbon (TOC). The minimum TOC for shale and limestone to generate hydrocarbon is 0.5 wt% and 0.3 wt%, respectively [25] .
The Quality of the Organic Matter
Several geochemical indices for assessing the capability of organic matter in a rock to generate oil and/or gas of commercial value include hydrogen index (HI) and type of macerals constituting the kerogen isolated from the fine grained rocks. Hydrogen index is commonly derived from the Rock-Eval pyrolysis results of the amount of hydrocarbon already generated (usually denoted S2) vs. TOC and measured in terms of mgHC/g TOC. Rocks with HI above 300 mg/g TOC will produce oil and gas, those between 150 and 50 will produce gas, whereas rocks with HI of less than 50 are inert. Similarly, kerogens that are very rich in liptinite would generate oil. Those that are very rich in exinite have genetic potential for oil and gas while those that are predominantly vitrinite will generate gas. 
Maturity of the Organic Matter
The thermal evolution of source rock involves three stages: diagenetic, catagenetic and metagenetic which correspond respectively to immature, mature and spent kerogen-the precursor for petroleum. Commonly used indices for determining these stages include vitrinite reflectance (VR) measurement and Tmax determination. Vitrinite reflectance is an optical technique which measures the amount of visible light reflected from the vitrinite materials in kerogen in order to determine source rock maturity. The oil generation window is generally accepted to be between the VR levels of 0.60% and 1.35%, while values as low as 0.45% could lead to the generation of immature oil or condensate. Few published studies (e.g. [8] have vitrinite data for the Chad basin probably owing to paucity of phytoclasts (especially vitrinite) and palynomorphs [16] . [26] defines Tmax as the pyrolysis temperature at which the maximum amount of hydrocarbon is released by kerogen. It is used to estimate the thermal maturity of sedimentary basins. Tmax is dependent on the cracking kinetics of the organic matter and is correlated with the type of organic matter: lacustrine (Type I), marine (Type II) and continental (Type III and IV). The relationship between Tmax and different stages of oil and gas formation zones varies with the type of organic matter. However Type III is the most reliable in estimating the degree of maturation [27] . Thus the beginning of the oil formation is characterized by Tmax in the range of 430˚C -435˚C, whereas the transition oil-gas zone is fixed at Tmax ~465˚C [27] . Tmax below 430 suggests immature sediments.
Geothermal Gradient
One of the primary factors that affects rate of maturation of organic matter is temperature, which is usually measured in terms of geothermal gradient. Geothermal gradients have been studied in the Bornu Basin. [28] reported values that range between 2.2˚C/100m and 5.3˚C/100m. These values were considered to be very favourable for hydrocarbon generation when compared with those of the Niger delta (1.3˚C/100m to 5˚C/100m, [29] ). However, when temperature is traded with time and the Arrhenius equation is applied, the sediments in the Niger delta are younger and cannot be equated to those of the Bornu Basin. In another study, using bottom hole temperature data derived from the wireline log of 21 wells in the Bornu Basin, [30] computed an average regional geothermal gradient of 3.4˚C/100m from a range of 3.0˚C/100m to 4.4˚C/100m and suggested that the average depth to the floor of oil generation in the basin is 3626 m. The different lithostratigraphic units consisting of different lithologies making-up the sequences in the Bornu Basin may not make the deduced oil floor (3626 m), which was computed using monogeothermal gradient, all that correct. In a related study, [31] showed that there is variation in the thermal conductivities (from 1.70 to 3.11 Wm
, with an average value of 2.35 Wm , with a simple average of 80.6 mWm −2 ) both vertically and laterally within the basin. Thermal conductivity is one of the factors that controls geothermal gradient and as such there is the need to re-compute geothermal gradient that can be used to accurately determine the numerical geochemical data of the Bornu Basin.
Volcanic activities of 10 Ma to Recent have been reported [32] to also occur in some parts of the Mega-Chad Basin where oil has been found. Magmatic activities postdating hydrocarbon accumulation could lead to outright metagenetic breakdown of formed hydrocarbon. As a result of this, the assumption that the oil of the Bornu Basin could have been baked needs further study.
Reservoir Rock and Seal
In order to have a hydrocarbon producing reservoir, there must be a body of rock having sufficient porosity (φ) to contain the reservoir fluids and permeability (k) to permit their movement. These porous formations, usually sands/sandstones, carbonates with cavities and highly fractured or weathered basement rocks, have to be sealed in such a way that the only method of escape for the fluids is through the wellbore. One more important critical factor, which needs to be considered, is presence of some natural driving force within the reservoir, usually gas or water, to allow the fluids to move to the surface.
Assessment of Factors Controlling Petroleum Occurrence in the Bornu Basin
It is desirable to assess the Bornu basin on the basis of available geological, geophysical and geochemical information that can indicate the possible existence of the foregoing key factors which normally determine the formation and retention of petroleum in any basin. This appraisal is aimed at identifying and understanding appropriate habitat for petroleum in the Bornu Basin with a view to isolating areas of high prospectivity for follow-up detailed investigations.
Source Rock Availability in the Bornu Basin
In this section, attention is focused on the occurrence of potential source rock in the Bornu Basin. The suitability of the shales within the sedimentary sequences of the basin as source rocks is discussed in the light of limited available geochemical parameters. These parameters are the total organic carbon (TOC), Tmax, hydrogen index (HI), vitrinite reflectance and SOM/TOC (mg/g) and SHC/TOC) (mg/g). The following discussion is based on the shale-bearing lithostratigraphic units (Figure 3) of the basins.
Fika Formation
Available data (Figure 4, Table 1 390 m) where the Fika shale was penetrated at the fringes of the basin, the shale has a high TOC (av. 0.8 wt%) but the SHC/TOC values are well below 10 mg/g ( Table 2 ) suggesting immaturity of the rock for hydrocarbon generation. Similarly in the other shallow wells tested [20] the average of the TOC within the Fika Shales falls between 0.52 and 0.60 wt% ( Table 3) which could be considered marginal for hydrocarbon generation. The Tmax values of samples from the shallow wells fall below 430˚C and the HI values are too low for any oil generation ( Table 2 ). Another result [31] from shallow boreholes at the farther edge of the Bornu Basin shows that the Fika Shales occurring at the depth range of less than 300 m has sufficient quantity of organic matter for hydrocarbon generation but low vitrinite reflectance values ( Table 3) . These data also suggest that the kerogen type in the basin could be type 111 or 1 V. However, in a related study, [16] pointed out that 87% of 153 samples from Fika and Gongila Formations studied under transmitted white light have more than 90% amorphous organic matter, suggesting marine origin for the organic matter within the two formations.
Gongila Formation
Available TOC data on Gongila Formation penetrated by eight exploratory wells ( Table 1 ) strongly indicate that the formation contains sufficient organic matter for hydrocarbon generation. Similarly the TOC derived from shallow boreholes ( Table 2) having average values of 0.54 wt% -0.91 wt% also confirms that the upper part of the formation contains adequate organic matter for hydrocarbon generation. However the HI values of the formation generally fall below the minimum 50 mg HC/g TOC except in the case of Kasade and the retrogrodational part of the formation in Kinasar well ( Table 1) , thus suggesting that the organic matter is largely inert. Available Tmax data provide a glimpse into the maturity level of the organic matter. The Tmax values obtained from eight exploratory wells (Table 1 and Table 2 ) fall below the minimum of 430˚C for oil generation in three of the wells (Murshe, Saa and Wadi). In these wells the Tmax values vary form 402˚C -428˚C (Table 1) , which suggest that the organic matter is immature for hydrocarbon generation. But in the remaining tested portions in five wells, the formation appears to have received sufficient heat to generate hydrocarbon because the Tmax values vary from 436˚C -526˚C. For example, in Tuma well ( Table 2 ) the Tmax varies from 461˚C -526˚C which indicates availability of mature kerogen. Within the Gongila Formation a Tmax reversal was reported [20] , which suggests samples that have entered and left the oil window. This could be as a result of possible exhumation (which needs to be examined in our future study) in the basin. Geochemical information on the type of organic matter present in the formation is rather scanty. The data presented in Table 2 and Table 3 are derived from shallow water boreholes located at the fringes of Bornu Basin. According to [21] they indicate type II to III kerogen which suggests that the organic matter is derived from both marine and continental sources. Using Van Krevelyn type diagrams, [33] also showed that the kerogen is oil and gas prone (type II and III) although the low vitrinite reflectance (0.40 -0.42) implies that the organic matter has not yet reached the oil generation window. Outcrop study [7] of shales derived from the limestone quarry at Ashaka revealed the average TOC to be over 0.5 wt% while the SOM/TOC confirmed that the units contained adequate generating potential.
Yolde
Available geochemical data (Table 1) indicate that the organic matter in Yolde Formation within the tested area is enough (>0.51 wt%) for hydrocarbon generation. Likewise, the temperature the organic matter had been subjected to exceeded the diagenetic stage, but the HI appears generally too low except in Kasade-1 well (Table 1) for the generation of even gas.
Bima
In spite of the numerous strata containing shale within the Bima Formation as found in the ditch cuttings and wireline log of eight wells we have studied, the available geochemical information ( Table 2 ) on the Bima Formation is too scanty to draw any meaningful conclusion. A further probe of the shales geochemically in Bima Formation is desirable.
Possible Reservoir Rock
Several possible reservoir beds exist within the various sand/sandstone units of nearly all the established lithostratigraphic units (Figure 2 ) in the Bornu Basin except that the orthodox source-reservoir-seal interplay has not been proved. [34] attempted a reservoir characterization and evaluation of depositional trend of sands of Gombe Formation to assess their petrophysical qualities as a potential reservoir unit for hydrocarbon accumulation in the Chad basin because the sand sequence directly overlies Fika Shale-a possible source rock [35] [8] [13] [36] . Their study [3] revealed that sand unit thicknesses within the formation vary between 32 and 225 m; Net-to-gross ratio (NGR) values vary from 5.93% -94.34%; average effective porosity from 14.88% -34.74%; average volume of shale from 12.11% -36.65%; average water saturation ranges from 3.83% -97.00%; average hydrocarbon saturation values from 3.00% -96.17%; and average permeability from 5903 -90,836.5 mD. The porosity and permeability values are optimal for hydrocarbon accumulation. Elsewhere within the basin, the porosities are moderate to high at shallow and intermediate intervals (25% to over 50%) and reduces with increasing depth to as low as 3% [23] .
Possible Seals/Traps
The three major tectonic events that affected the whole Mega-Chad Basin, particularly the Santonian compression and its consequent structural deformation, provide adequate stratigraphic and structural trapping conditions in the basin. The stratigraphic elements could consist of channel fills and lenses, which might have been caused by small scale progradational events in transgressive systems tracts. Pinchout and general sub-basin-ward thinning caused by either greater compaction in the deeper part of the basin, sediment starvation or basin inversion have been observed [28] . According to [37] trapping conditions against intrusive features (igneous or sedimentary origin) exist in the basin (Figure 3) . Anticlinal, horst and grabben as well as growth fault conditions ( Figure 5 and Figure 6 ) suitable for trapping hydrocarbon are common structural traps in the basin.
Discussion and Conclusions
The foregoing assessment of the potential geological factors that could produce the appropriate petroleum habitat in the Bornu Basin indicates that the ingredients for the formation and retention of petroleum are, by and large, present in the basin. However, a major drawback of this study is paucity of data that limits the understanding of the basin through knowledge gaps. In spite of this there are indications of high prospects based on existing limited information that can be followed up.
In terms of source rock availability in the basin, most of the litho-units studied in the Fika, Yolde, Gongila (Table 1) suggest that it may be inert except in a few intervals. Available Tmax values ( Table 1 and Table 2 ) for the studied litho-units can be divided into three groups on the basis of thermal maturation the Tmax traditionally symbolizes. The first group falls within a Tmax range of 365˚C -428˚C accommodating 20.6% of the data in Table 1 ; the second group has a range of 433˚C -463˚C containing 52.9% of the Tmax values; and the third group lies within a range of 467˚C -519˚C with 26.5% of the Tmax data in Table 1 . This simple analysis indicates that majority of the samples (Table 1 ) of the studied potential source rocks within Fika, Yolde, Gongila and Bima having Tmax of 433˚C -463˚C fall within the oil generation window. It is noteworthy that the third group of analyzed samples that record very high Tmax (467% and above) come from Gongila, Yolde and Lower Fika Formations. The implication of this is that any shale with sufficient organic matter in the three formations must have received so much heat that it would transit to the oil-gas transition zone. This may be the scenario that produced the gas discovered in the Kinasar well in the basin. Two significant inferences can be drawn from the totality of geochemical evidence on the quantity, quality and maturation levels of the organic matter in the tested shale samples of Fika, Yolde, Gongila and Bima Formations in the Borm Basin. The first is that these potential source rocks (i.e. the four formations) generally contain sufficient kerogen materials possibly of both marine and continental sources. The second is that some portions of the tested shales in the various formations might have attained oil and gas generation window as suggested by their Tmax values discussed earlier.
Much of the shales in the Kerri-Kerri Formation are yet to be subjected to geochemical studies to assess their possible source rock characteristics, probably because they are Tertiary in age. Oil sourced from Tertiary lacustrine shale occurs in the Doba and Doseo basins within the Mega-Chad Basin. It must not be ruled out therefore that the shales in the Kerri-Kerri Formation are not mature for hydrocarbon generation.
With the established evidence of occurrence of source rocks for hydrocarbon generation in the Bornu Basin, what remains to prove is the availability of other requisite factors or conditions for hydrocarbon accumulation and retention, which consist mainly of kerogen maturation conditions, as well as reservoir rocks and traps/seals. Possible reservoir rocks, mainly sand/sandstone units, occur in all the formations penetrated so far. However, only those of the Gombe Formation, which overlies the Fika Formation (a possible source rock) has been subjected to petrophysical studies [34] and is found to have favourable porosity and permeability for hydrocarbon accumulation. Although the petrophysical characteristics of Bima Formation have not been studied, available ditch cuttings and wireline log motifs have revealed that the formation consists, at least in part, of alternating sandstone and shale beds particularly in the upper part. Unfortunately, the Bima Formation has not been penetrated in its entirety. Only the upper part has been drilled. The deepest exploratory well, Herwa-1 went as far as 4715 m deep. Deep drilling is desirable in the Bornu basin since Bima on account of its sandstone/shale lithology can serve both as source and reservoir rocks.
On the basis of experience derived from the Doseo, Doba, and Termit basins, where petroleum has been found in deep Cretaceous and relatively shallow Tertiary sequences one cannot rule out the occurrence of petroleum in the lower Bima, more so that emerging data suggest that the Bima also contains shale beds which can serve as source rock.
